Abstract. Dietary free glutamate is known to elicit umami, one of the five basic tastes percepted via the specific taste sensor cells on the tongue. Recent studies suggest the specific glutamate sensors exist in the gastric mucosa and contribute to the regulation of gastrointestinal functions, yet the precise mechanism remains still unknown. We established the method to enrich various cell fractions from the isolated rat gastric mucosa and characterized the expression of putative glutamate sensors using such cell fractions. The gastric mucosal cell fractions such as surface mucous, parietal, chief, and endocrine cells were successfully prepared by mucosal protease digestion, elutriation, and gradient centrifugation. The characteristics of these cells were confirmed by real-time RT-PCR using the respective cell-specific markers. Parietal cell fraction exclusively expressed putative umami receptor molecules such as T1R1 and mGluR1 compared to other fractions, although the degree of expression was low. In contrast, the representative taste cell specific markers such as PLCβ2 and TRPM5 were specifically expressed in the smaller endocrine cell fraction. Both parietal and smaller endocrine cell fractions also positively expressed some mGluR subtypes. The chief-cell fraction less expressed T1R1 and mGluR1. These results suggest that multiple glutamate sensors, probably different mechanisms from taste buds, contribute to the glutamate sensing in the gastric mucosa.
Introduction
Umami taste, discovered by Dr. Kikunae Ikeda as a taste of glutamate salt extracted from dried sea tangle (konbu) a century ago, is now recognized as one of the five basic tastes induced solely by free glutamate and synergistically with 5′-mononucleotides such as inosine 5′-monophosphate and guanosine 5′-monophosphate. Glutamate is widely distributed in vegetables, meats, and fishes; and it is especially concentrated in traditional food materials such as konbu, tomato, cheese, soy sauce, as a free form. In Japan, umami taste is essential for the traditional, delicious, relaxing homey foods, and the daily intake of free glutamate is estimated to be more than 1.6 g per person.
Mammals other than humans, such as rat, cat, pig, and cow, can perceive umami taste (1 -3) . In the taste bud on the tongue in the oral cavity, umami perception is proposed to be mediated via several receptors such as taste receptor (T1R1/T1R3 heterodimer) and metabotropic glutamate receptors (mGluR1 and mGluR4) (4 -8) . Recently, Zhang et al. (9) reported the importance of T1R1/T1R3 heterodimer in the synergistic enhancement effect of glutamate and 5′-ribonucleotides on the perception of umami taste, indicating the contribution of these receptors in taste buds.
The gastrointestinal tract is an essential organ for the digestion of dietary protein and the following absorption of amino acids. Especially, the stomach contributes to digestion of protein by secreting gastric acid from parietal cells and pepsinogen from chief cells. Recently, our group reported that luminal application of glutamate into the stomach increases the firing activity of the afferent fibers in the gastric branch of the vagus nerve (10) .
Interestingly, other amino acids failed to show such effects in the stomach, although, luminal application of each of all the amino acids in the intestine induced changes in vagal activity (11, 12) . Thus, among the 20 dietary amino acids that compose body proteins, only glutamate can evoke the nutrient information from the stomach to the brain. Although nitric oxide, serotonin and serotonin receptor type 3 are shown to mediate the glutamate signaling to the vagus nerve in the gastric mucosa (10), the precise mechanism for luminal sensing remains to be explored.
To clarify the mechanism of luminal glutamate sensing in the gastric mucosa, we established the method to prepare various cell fractions from the isolated rat gastric mucosa by counterflow elutriation and density gradient centrifugation and characterized using these cell fractions which type of cells expresses glutamate sensors.
Materials and Methods

Cell isolation 2.1.1. Buffers for cell isolation
Medium A contained 0.5 mM NaH 2 PO 4 , 1.0 mM Na 2 HPO 4 , 20 mM NaHCO 3 , 70 mM NaCl, 5 mM KCl, 11 mM glucose, 50 mM HEPES, 2 mM Na 2 EDTA, and 20 mg/ml BSA. Medium B contained 0.5 mM NaH 2 PO 4 , 1.0 mM Na 2 HPO 4 , 20 mM NaHCO 3 , 70 mM NaCl, 5 mM KCl, 11 mM glucose, 50 mM HEPES, 20 mg/ml BSA, 1.0 mM CaCl 2 , and 1.5 mM MgCl 2 . Medium C contained 0.5 mM NaH 2 PO 4 , 1.0 mM Na 2 HPO 4 , 20 mM NaHCO 3 , 70 mM NaCl, 5 mM KCl, 11 mM glucose, 50 mM HEPES, 1 mg/ml BSA (fraction V), 1.0 mM CaCl 2 , 1.5 mM MgCl 2 , and 0.5 mM dithiothreitol. Medium D contained 0.5 mM NaH 2 PO 4 , 1.0 mM Na 2 HPO 4 , 20 mM NaHCO 3 , 70 mM NaCl, 5 mM KCl, 11 mM glucose, 50 mM HEPES, 10 mg/ml BSA, 1.0 mM CaCl 2 , 1.5 mM MgCl 2 , and 0.5 mM dithiothreitol.
Cell isolation and enrichment
Animals used for this study were maintained in accordance with the guidelines of the Committee on Animals at Ajinomoto Co., Inc. Isolated cells were prepared from the stomachs of Sprague-Dawley rats (Charles-River Japan, Yokohama) by density gradient and centrifugal elutriation techniques as described previously (13 -22) , with modifications to obtain highly enriched endocrine cells from the rat stomach. In brief, rats (5 -6 weeks) were anesthetized with diethylether. The stomach was excised and tied at both the esophagus and antrum. Then the antrum was removed and the stomach was everted and tied at the edge of the forestomach. After the forestomach was removed, the everted sac was filled with Medium A containing 2.5 mg/ml of protease E (Sigma-Aldrich, St. Louis, MO, USA) and the balloons were placed in Medium A for 30 min (fraction 1) in a shaking water bath (37°C). The solution was changed to Medium B. Surface mucous cells were harvested at 30 min (fractions 2), and the defoliated cells at 60 min (fractions 3) and 90 min (fractions 4) were discarded. After fraction 4, the cells defoliated by 3 times of vortex pulses for 30 s (fractions 5-1, 5-2, and 5-3) were combined and then pelleted by centrifugation, resuspended in Medium C, and then loaded into a R5E elutriation system (Hitachi himac CR21EZ centrifuge, Tokyo) and centrifuged at 2,400 rpm against a perfusion pump speed of 20, 25, and 60 ml/min. The fractions at 60 ml/ min were pelleted, resuspended in Medium D, and then loaded on a 40% -80% Accudenz (Accurate Chemical and Scientific Corporation, Westbury, NY, USA) gradient by centrifugation at 500 × g for 10 min. Then parietal (floating layer) and chief-cell (pellet) fractions were separated. Each cell fraction was used for real time-PCR analysis (23). Total RNA was extracted from isolated cell fractions from rat stomach following the instructions of the ISOGEN reagent kit (Wako, Osaka). RNA integrity was studied using an Agilent 2100 Bioanalyzer (RNA 6000 Nano assay; Agilent Technologies, Santa Clara, CA, USA). We synthesized first-stranded cDNA from 1 µg of total RNA from each rat cell fraction with SuperScript II reverse transcriptase and 0.08 µg/ml hexamer random primer (Invitrogen Co., Carlsbad, CA, USA) in a 20 µl total volume. The list of primers is shown in GCG TAG TC 3′   5′ GAG AGC GCA GGC  TGT TTC CT 3′  98  62   mGluR2  NM_001105711  5′ TTC TAG AAC AGT  GTG GCT GAG GA 3′   5′ TAA CCA TCC TCT  CTA TCC CAG AG 3′  121  58   mGluR3  NM_001105712  5′ GCA TTA GAG CAA  TCA CTG GAG TT 3′   5′ TGT ATG AAC CAC  CAA TGA CTC CT 3′  138  56   mGluR4  M90518  5′ GCT CAA GAA GGG  AAG CCA CAT CA 3′   5′ CAC AGC GTC AAT  CAC GAA CTG CA 3′  106  58   mGluR5  NM_017012  5′ TAT GTC TCA GCT  GTG CAC ACA GA 3′   5′ CTG TTC CCC AGC  ATT GCT GTA AA 3′  128  58   mGluR6  AJ245718  5′ GGG ATC CAA GAT  CTC TCC CAT CT 3′   5′ GTT GTT CTC CAA  GGA ACG AGT CA 3′  126  58   mGluR7  D16817  5′ TAT TGC GGA AGG  AGC CAT AAC AA 3′   5′ GGC AAA CCA TAC  ATT TCT CCT GT 3′  111  56   mGluR8  U63288  5′ AAG ATG CGT CTG  ATG TGA AGT GT 3′   5′ TGG ATG CAT AGC  TAA TCT GAG GT 3′  158  56   EAAT1  NM_019225  5′ GAG CTA CCT GTT  TCG GAA TGC CT 3′   5′ CTT GAC CTC CCG  GTA GCT CAT TT 3′  111  57   EAAT2  NM_001035233  5′ CCC TGG GAA TCC  CAA ACT CAA GA 3′   5′ TGG AGG TGC CAC  CAG AAC TTT CT 3′  171  57   EAAT3  NM_013032  5′ TGA GCA TCA AGC  CTG GTG TCA CT 3′   5′ GGC TTC ACT TCT  TCA CGC TTG GT 3′  171  57   EAAT4  NM_032065  5′ TGC CTT CAT CTT  GCT CAC AGT CA 3′   5′ CTC ATG AGC AGC  TCA CCA GGA AA 3′  125  57   EAAT5  NM_001108973  5′ GGT GAG CTG CTC  ATC CGA TTC TT 3′   5′ GCG GAT GTC TTT  CAT CTC CAC AA 3′  134  57 cycles prior to quantification of low-expressing genes.
Real time RT-PCR
Results
Cell isolation and enrichment
We analyzed 6 samples: (I) scraped gastric mucosa (total gastric mucosa); (II) fraction 2; (III) fraction 5, elutriated fraction at 20 ml/min; (IV) fraction 5, elutriated fraction at 25 ml/min; (V) fraction 5, elutriated fraction at 60 ml/min, floating layer of gradient centrifugation; and (VI) fraction 5, elutriated fraction at 60 ml/min, pellet of gradient centrifugation. As shown in Table 2 , real time RT-PCR analyses revealed that surface mucous cell specific marker, MUC 5ac, was more positively expressed in (II) compared with total gastric mucosa, but much less expressed in other fractions, indicating that surface mucous cells were enriched in (II). Parietal cell specific marker, H + ,K + -ATPase β, was concentrated in (V), indicating that it is a parietal cell-enriched fraction. Similarly, (VI), which expressed pepsinogen C, was shown to be a chief cell-enriched fraction. In elutriated smaller fractions, D cell marker, somatostatin, was expressed relatively higher in (III), while the expression of A-like cell marker, ghrelin, was seen almost equally between (III) and (IV). Histamine forming enzyme, HDC, was expressed relatively higher in (IV). These endocrine marker expressions indicate that D cells are enriched mainly in (III), while A-like cells are concentrated in both (III) and (IV). ECL cells were relatively enriched in (IV). Therefore, we designated (II), (III), (IV), (V), and (VI) as fractions enriched in surface mucous cells, smaller endocrine cells, larger endocrine cells, parietal cells, and chief cells, respectively.
Taste cell specific marker expression in the gastric mucosa
Both PLCβ2 and TRPM5 were expressed only in the smaller endocrine cell fraction (III) but not in other cell fractions.
Glutamate sensor expressions in each cell fraction
Using specific cell-enriched fractions, we examined which gastric mucosal cells express glutamate sensors. Because the degree of expressions of T1R1, mGluR1, 2, 3, 4, and 7 was very low, we quantified these sensors by nested PCR. As shown in Table 2 , the expression of T1R1 was moderately higher in the parietal cell fraction compared with total gastric mucosa. Among the group 1 metabotropic glutamate receptors, the expression of mGluR1 was observed in the parietal and larger endocrine cells, while that of mGluR5 was observed in both the smaller and larger endocrine cells. In contrast, the expression profiles were dramatically changed in group 2 and 3 metabotropic glutamate receptors. Both mGluR2 and mGluR3 were expressed quite specifically in the smaller endocrine cells and parietal cells. By contrast, the expressions of mGluR4 and mGluR7 were specific to the smaller endocrine cells, while the expression of mGluR6 was moderately high in the chief cells and larger endocrine cells.
In excitatory amino acid transporters, EAAT3 was specific to the smaller and larger endocrine cells, and EAAT4 was higher in surface mucus cells, chief cells, and smaller endocrine cells.
Discussion
The gastric mucosa consists of a variety of cells, including surface mucous cells, parietal cells, chief cells, and some endocrine cells; and most of these cells (except for closed-type endocrine cells) may come in contact with dietary glutamate via the lumen of gastric glands, which then in turn regulates gastric digestive functions in complicated manners. Our group previously reported that immunohistochemical staining of mGluR1 was observed at the apical membrane of chief cells and possibly parietal cells (8) . However, because of the low specificity of commercially available antibodies, it was difficult to evaluate the precise mechanism of luminal glutamate sensing. Therefore, in this study, we first established the method to enrich various cell fractions from the isolated rat gastric mucosa and characterized the expression of putative glutamate sensors in these cell fractions using real time RT-PCR.
Using elutriation and gradient centrifugation, we successfully performed fractionation of the dispersed gastric mucosal cells into surface mucous cell-, parietal cell-, chief cell-, and smaller and larger endocrine cellrich fractions. Real time RT-PCR analyses revealed that these fractions showed specific cell markers for each cell type, indicating the sufficient quality for evaluation of the cell characters.
In taste buds, PLCβ2 and TRPM5 are specific markers for glutamate-sensing type II taste cells (24, 25) . Thus, to compare the characteristics of gastric mucosal cells with taste cells, we determined the expressions of PLCβ2 and TRPM5 in gastric mucosal cell fractions. Interestingly, both PLCβ2 and TRPM5 were specifically expressed in the smaller endocrine cell fraction containing mainly somatostatin-secreting D cells and ghrelin-secreting A-like cells. Because the larger endocrine cell fractions (i.e., the mix of A-like cells and histamine secreting ECL cells) showed almost no PLCβ2 and TRPM5, it is assumed that cells other than A-like cells, possibly D cells, may specifically express taste cell markers.
There are many candidates for glutamate sensors such as receptors and transporters that regulate physiological functions of glutamate in the body. We focused on the receptors and quantified the expressions of mGluRs, T1R1, and EAATs in the gastric mucosal cell fractions. As shown in Table 2 , various cells expressed different patterns of sensors, indicating the possible pleiotropic effect of glutamate on the regulation of each cell function. Unlike the previously published immunohistochemical results obtained by commercially available antibodies (8) , the chief cell fraction showed mGluR1 expression that was extremely lower when compared to the parietal cells and total gastric mucosa. This lower expression of mGluR1 in the chief cell fraction was also confirmed by comparing to that in the brain (data not shown). These results suggest that the receptors other than mGluR1 may be the main glutamate sensor in the chief cells.
In contrast, the smaller endocrine cells, possibly D Expression levels of cell specific markers and glutamate sensors in each cell fraction were compared with those of gastric mucosa (as 100%) and classified as follows: --: strongly less than gastric mucosa (< 50%), -: moderately less than gastric mucosa (50% < X < 75%), 0: similar to gastric mucosa (75% < X < 125%), +: slightly more than gastric mucosa (125% < X < 200%), ++: moderately more than gastric mucosa (200% < X < 500%), +++: strongly more than gastric mucosa (500% < X < 1000%), ++++: extremely more than gastric mucosa (X > 1000%). Marker names in bold print indicate that cDNA amplified prior to PCR were used due to low expression.
secretion in dogs and humans (31, 32) . Certainly, further studies are needed to clarify the functional roles of glutamate and Gi-coupling mGluRs on somatostatin secretion in D cells as the umami-tasting cells in the stomach.
In conclusion, we successfully established the method to prepare various cell fractions from the isolated rat gastric mucosa and characterized the expressions of possible glutamate sensors in these cells. From our results, D cells may be one of the glutamate-sensing cells in the gastric mucosa and regulate the gastric exocrine and endocrine functions via somatostatin secretion.
